The laminar flame propagation of 1-heptene/air mixtures covering equivalence ratios from 0.7 to 1.5 is investigated in a constant-volume cylindrical combustion vessel at 373 K and elevated pressures (1, 2, 5, and 10 atm). Laminar flame speed and Markstein length are derived from the recorded schlieren images. A kinetic model of 1-heptene combustion is developed based on our previous kinetic model of 1-hexene. The model is validated against the laminar flame speed data measured in this work and the ignition delay time data in literature. Modeling analyses, such as sensitivity analysis and rate of production analysis, are performed to help understand the high temperature chemistry of 1-heptene under various pressures and its influence on the laminar flame propagation. Furthermore, the laminar flame propagation of 1-heptene/air mixtures is compared with that of n-heptane/air mixtures reported in our previous work. The laminar flame speed values of 1-heptene/air mixtures are observed to be faster than those of n-heptane/air mixtures under most conditions due to the enhanced exothermicity and reactivity.
I. INTRODUCTION
Practical transportation fuels such as gasoline, kerosene and diesel oils are complex mixtures with hundreds of hydrocarbon components. Alkenes are an important component family of gasoline [1, 2] . Besides, alkenes are also important and common intermediates during the combustion and pyrolysis process of large alkanes, cycloalkanes and alcohols [3−6] . With octane number larger than relevant alkanes, alkenes are also used as surrogate components for gasoline [7−10] . It is recognized that gasoline mainly contains components with more than 5 carbon atoms, thus investigations of large alkenes will be more relevant for the purpose of engine applications. 1-Heptene is an important alkene component in gasoline and has very close molecular weight to n-heptane which is a crucial component in primary reference fuel [11, 12] . Investigations on 1-heptene flames will be beneficial for understanding both the combustion chemistry of gasoline components and differences in combustion behaviors between alkenes and † Dedicated to Professor Kopin Liu on the occasion of his 70th birthday.
* Author to whom correspondence should be addressed. E-mail: yuygli@sjtu.edu.cn alkanes. Furthermore, 1-heptene is also be treated and investigated as the hydrocarbon side chain of methyl octenoate which is an important model compound for biodiesels [13−15] . Compared to the large amounts of investigations on combustion of small alkenes [16−27] , investigations on 1-heptene combustion are very limited. Tanaka et al. [28] measured the ignition delay time for heptene isomers in a rapid compression machine at 827 K and 4.16 MPa. Garner et al. [29] conducted pyrolysis experiments of 1-heptene in their high-pressure shock tube at pressures ranging from 25 atm to 50 atm. Wu et al. [30] investigated the ignition behaviors of 1-heptene in the low-to-intermediate temperature region at 15 and 23 bar using a rapid compression machine. Results showed that the negative temperature coefficient (NTC) behavior exhibited by 1-heptene is less profound than that by n-heptane. Garner et al. [13] measured the ignition delay time of 1-heptene behind reflected shock waves in a stainless steel shock tube at equivalence ratios ϕ=0.5, 1, and 1.5. It is recognized that no previous work has been performed on the measurements of laminar flame speed of 1-heptene which is one of the most important combustion parameters.
The lack of experimental data also limits the development of kinetic model for 1-heptene combustion. Garner et al. [29] developed a kinetic model for 1-heptene combustion with the 1-heptene reactions re-ferred to analogous 1-hexene reactions from the model of Yahyaoui et al. [31] . Bounaceur et al. [32] developed a kinetic model for heptene isomers using the EX-GAS program. The n-heptane model [33] reported by the Lawrence Livermore National Laboratory group (referred as the LLNL model) also incorporates detailed 1-heptene chemistry. None of these models has been validated against laminar flame speed data of 1-heptene.
In this work, the laminar flame propagation of 1-heptene/air mixtures is investigated in a constantvolume cylindrical combustion vessel. Laminar flame speed and Markstein length of 1-heptene/air mixtures are determined at wide ranges of equivalence ratios (0.7−1.5) and pressures (1, 2, 5 and 10 atm). A kinetic model of 1-heptene is also developed in this work and validated against the measured laminar flame speed data and the ignition delay time data in literature. Modeling analyses are performed to help explore the high temperature chemistry of 1-heptene under various pressure conditions. Influence of C=C double bond structure on the laminar flame propagation is also investigated by comparing the results of 1-heptene and those of n-heptane reported in our previous work.
II. EXPERIMENTS
The laminar flame propagation of 1-heptene/air mixtures is investigated using the spark-ignited spherically expanding flame. Detailed descriptions of the experimental apparatus have been reported in our previous work [34] . Briefly, the apparatus mainly consists of a premixing vessel, a constant-volume cylindrical combustion vessel, a sample inlet system, a spark ignition system and a schlieren system. The combustion vessel has an inner diameter of 150 mm and inner length of 152 mm and can be operated up to 200 atm. Two quartz windows (diameter 100 mm, thickness 30 mm) are mounted on the vessel flanges to form an optical access with 75 mm diameter clear apertures.
Partial pressure method is used for preparing the mixtures in the electrically heated premixing vessel. 1-Heptene is vaporized in an electrically heated vaporizer before it is inflated into the premixing vessel. Synthetic air (21% O 2 and 79% N 2 ) is used in this work. A magnetic stirrer is equipped in the premixing vessel to ensure uniform mixing. The prepared combustible mixtures are then inflated to the combustion vessel. The volume of the premixing vessel (9.06 L) is approximately three times larger than that of the combustion vessel (2.77 L). Thus all measurements for one equivalence ratio at different pressures only need one preparation of the combustible mixture. In this work, the combustion vessel, premixing vessel, vaporizer and pipelines are all heated to 373 K.
After spark ignition, a high speed camera with the spatial resolution of 480×480 pixels (corresponding to 75 mm×75 mm region) and operated at 12001 frames/s is used to record the laminar flame propagation. The recorded flame images are used to determine the laminar flame speed and Markstein length values. The data processing method has been introduced in our previous work [34] . To eliminate the influence of the ignition and confinement effects [35−37] , the range of flame radius from 10 mm to 23 mm is selected.
III. KINETIC MODELING
In this work, a kinetic model of 1-heptene containing 159 species and 1228 reactions is developed. The C 0 -C 4 core mechanism is taken from our recent butane model [38] . A new 1-heptene sub-mechanism is developed in this work. As can be seen from Table I , most of the reactions in the 1-heptene sub-mechanism are referred to similar reactions of 1-hexene due to the limited research on 1-heptene reactions. The allylic C−C bond dissociation reaction of 1-heptene is referred to the similar reaction of 1-hexene with the rate constant evaluated by Fan et al. [39] . Other C−C bond dissociation reactions are referred to similar reactions of 1-hexene [39] or n-butane [25] with the consideration of degeneracy. The H-atom abstraction reactions at primary, secondary, and allylic carbon sites are also referred to similar reactions of 1-hexene [6, 31, 39] . In addition, H atom can also suffer the addition reaction on the double bond of 1-heptene to produce smaller species and the rate constant is taken from the reaction C 3 H 6 +H=C 2 H 4 +CH 3 reported in Tsang's work [40] . The produced 1-heptenyl radicals can undergo isomerization reactions, β-scission reactions and bimolecular reactions with H or OH radicals. The rate constants of these reactions are taken from the JetSurF 2.0 model [41] or analogous reactions of 1-hexene [39] . The submechanism of dialkenes like 1,3-heptadiene (1,3-C 7 H 12 ) is also incorporated by analogy to that of 1,3-hexadiene (1,3-C 6 H 10 ) in the 1-hexene model of Fan et al. [39] . The simulation in this work is performed with the Premixed Laminar Flame-Speed Calculation module and the Close Homogeneous Batch Reactor module of the Chemkin Pro software. The present model is validated against the ignition delay times of 1-heptene/O 2 /Ar mixtures at 15 atm and ϕ=0.5, 1.0, and 1.5 measured by Garner et al. [13] . As shown in FIG. 1 , the present model exhibits a generally good performance in capturing the trend of measured results.
IV. RESULTS AND DISCUSSION
A. Laminar flame speed and Markstein length FIG. 2 shows the measured laminar flame speed results of 1-heptene/air with equivalence ratio from 0.7 to 1.5 and pressure up to 10 atm at temperature of 373 K. Like other heavy fuels, the spherically expanding flames of 1-heptene/air mixtures tend to be affected by cellu- [33] . It should be noted that though there are two 1-heptene models in Refs. [29, 32] , both of them are only applicable for the simulation of homogenous reaction systems like jet-stirred reactor oxidation since they do not include transport data. Thus the LLNL model which incorporates detailed 1-heptene chemistry is used in this work for compari- son. In general, both models can reproduce the measured peak shape of laminar flame speed distributions. The present model shows a better performance than the LLNL model at 1, 5 and 10 atm, while it slightly under-predicts the peak values at 2 atm. The LLNL model behaves better at 2 atm, however it fails to capture the pressure dependency of the measured results. As shown in FIG. 3 , it greatly over-predicts the peak value at 1 atm, but under-predicts the laminar flame speed results at 10 atm. The possible reason that the LLNL model can hardly capture the pressure effects of the laminar 1-heptene/air flame propagation is that it does not incorporate pressure-dependent rate constants for the pressure-dependent reactions.
Besides laminar flame speed, Markstein length is another important parameter which can be determined from the spherically expanding flame experiments. Small Markstein length indicates both small influence of flame stretch effect on laminar flame speed and earlier onset of cellular instability [44] . FIG. 4 shows the measured Markstein length values for the 1-heptene/air flames investigated in this work. The Markstein length decreases as both the equivalence ratio and pressure increase, which is in accordance with the experimental observation that the onset of cellular instability becomes earlier as the equivalence ratio and pressure increase.
B. Modeling analyses
In order to reveal the effects of key radicals and reactions on the laminar flame speeds of 1-heptene/air mixtures, the sensitivity analysis and rate of production analysis were performed using the default settings in the Chemkin PRO software . FIG. 5 shows the sensitivity analysis results of laminar flame speed for the lean and rich 1-heptene/air mixtures at 1 and 10 atm. Most of sensitive reactions are C 0 -C 2 reactions. For example, the dominant high-temperature chain branching reaction H+O 2 =O+OH has the largest positive sensitivity coefficients, which indicates that this reaction plays the most important role in the laminar flame propagation of 1-heptene/air mixtures. Besides, there are also some sensitive reactions involved in the fuel sub-mechanism, which are mainly reactions of allyl radical (AC 3 H 5 ). The allylic C−C bond dissociation reaction of 1-heptene also becomes a sensitive reaction in the rich flame. In general, most of the sensitive reactions have higher sensitivity coefficients at elevated pressure, especially the chain inhibition or termination reactions such as the reactions H+O 2 (+M)=HO 2 (+M), CH 3 +H(+M)=CH 4 (+M) and AC 3 H 5 +H=C 3 H 6 . To illustrate the equivalence ratio effect on laminar flame speed of 1-heptene/air mixtures, the sensitivity coefficients of the lean, stoichiometric and rich flames at 10 atm are shown in FIG. 6. Compared with the lean and rich flames, the fuel sub-mechanism plays a less important role in the stoichiometric flame. As can be seen from FIGs. 5 and 6, allyl radical is an important radical in the laminar flame propagation of 1-heptene/air mixtures. The rate of production analysis of this radical is performed at 10 atm and ϕ=1.0. FIG. 7 shows its main formation and consumption pathways. It is mainly produced from the allylic C−C bond dissociation of 1-heptene and stepwise β-C−H scission reactions of 1-hepten-7-yl radical (·C-C-C-C-C-C=C), while the reaction AC 3 H 5 +H=C 3 H 6 is its main consumption pathway. As mentioned above, the latter reaction consumes the H and allyl radicals and consequently has negative sensitivity coefficients.
C. Comparison with laminar flame propagation of n-heptane
In order to exhibit the different combustion characteristics between alkenes and alkanes, the measured laminar flame speed results of 1-heptene/air mixtures are compared with those of n-heptane/air mixtures measured by Wang et al. [45] , as shown in FIG. 8 . The measured laminar flame speed values of 1-heptene/air are higher than those of n-heptane/air over the whole range of measured equivalence ratios at pressures from 1 atm to 5 atm. The largest difference occurs at the equivalence ratio around 1.1, which is 6.2, 5.3, and 2.5 cm/s at 1, 2, and 5 atm, respectively. At 10 atm, the measured laminar flame speed values of the two flames are very close and the difference is within experimental uncertainties. In general, the difference under the lean conditions is much smaller than that under the stoichiometric and rich conditions.
To illustrate the reason, the exothermicity and reactivity of the two flames are analyzed. FIG. 9 shows the comparison of the predicted adiabatic flame temperature (T ad ) of 1-heptene/air and n-heptane/air mixtures at 1 and 10 atm. The prediction for n-heptane/air mixtures was performed using the model reported in the same work of Wang et al. [45] (referred as the Wang model). Due to the larger C/H ratio, 1-heptene has higher T ad than n-heptane. The difference in T ad increases from the lean to rich conditions, which is in accordance with the trend of the difference in laminar flame speed. On the other hand, small radicals like H and OH are key chain carriers in the high temperature flames . FIG. 10 shows the mole fraction profiles of H and OH radicals in the 1-heptene/air and n-heptane/air flames under same conditions. The mole fractions of H and OH radicals in the 1-heptene/air flame are both higher than those in the n-heptane/air flame, indicating that the reactivity of the 1-heptene/air flame is also enhanced due to its higher exothermicity.
V. CONCLUSION
This work reports an experimental and modeling work of laminar 1-heptene/air flame propagation. The laminar flame speeds and Markstein lengths of 1-heptene/air mixtures are measured at 373 K, 1−10 atm and equivalence ratios of 0.7−1.5 using the constantvolume cylindrical combustion vessel. A kinetic model of 1-heptene combustion with 159 species and 1228 reactions is developed and validated against the laminar flame speeds measured in this work and ignition delay times in literature. The sensitivity analysis is conducted to reveal the most sensitive reactions on laminar flame speed. Among the fuel decomposition products, allyl radical is concluded to play a crucial role in laminar flame propagation of 1-heptene/air mixtures. The laminar flame speed results of 1-heptene/air mixtures and those of n-heptane/air mixtures reported in our previ-ous work are also compared, which shows that the 1-heptene/air flame generally propagates faster than the n-heptane/air flame. This phenomenon mainly results from the elevated adiabatic flame temperatures and consequently enhanced reactivity due to the high C/H ratio of 1-heptene compared with that of n-heptane.
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